Micellar electrokinetic chromatography (MEKC) using a cationic surfactant as a pseudostationary phase was examined to separate anionic metal cyclohexane-1,2-diaminetetraacetic acid (CDTA) complexes. Cetyltrimethylammonium chloride (CTAC) was employed as the cationic surfactant micelle, its addition leading to EOF reversal. Cu(II), Co(II), Zn(II), Mn(II) and Pb(II) were used as test analytes, and the complete separation was obtained by MEKC. On-line sample preconcentration by sweeping was also examined to improve the detection sensitivity. From 15-to 42-fold increases in the detection sensitivity in terms of the peak heights were obtained by sweeping with a cationic micelle in the presence of high EOF. The limits of detection were in the range (0.6 -1.8) × 10 -6 M with UV detection without any off-line preconcentration step.
Introduction
In recent years, capillary electrophoresis (CE) has become a recognized and useful method in metal analysis. 1 In the analysis of metal ions by CE, complexing ligands to form complexes in order to manipulate separation selectivity or detection sensitivity have been widely used. These include 4-(2-pyridilazo)resorcinol (PAR), 4-(2-thiazolylazo)resorcinol (TAR), 1,10-phenanthroline (Phen), 8-hydroxyquinoline-5-sulfonic acid (HQS), 2-hydroxyisobutyric acid (HIBA), 2,6-pyridinedicarboxylic acid (PDCA) and various polyaminocarboxylic acids. [2] [3] [4] [5] [6] [7] Micellar electrokinetic chromatography (MEKC), which was first introduced by Terabe et al., 8 has become popular as a powerful analytical separation technique in CE. The separation of analytes is based on their differential partitioning between the micelle phase and the aqueous phase. MEKC is capable of separating neutral analytes as well as charged ones by using micelles. MEKC provides additional possibilities for enhancing of the separation selectivity, and its applicability can be extended to metal complexes. 4, 9 Several MEKC separations of metal complexes in MEKC have been reported thus far. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] The separation selectivity of metal complexes can be expected by not only hydrophobic interactions with the micelles, but also polar interactions. In many cases, the separation behavior of ionic metal complexes in MEKC is based on their charge and interaction with micelle. On the other hand, the main disadvantage of UV detection in MEKC, as is common with other CE mode, is the low concentration sensitivity because of the small injection volume and the short optical path length of the capillary. Particularly, in the MEKC separation of metal ions with complexation, the detection sensitivity is not sufficient to analyze metal ions at the trace level. To overcome this, on-line sample preconcentration techniques, which are known to be effective approaches to improve the detection sensitivity, have been demonstrated. To date, however, all metal analyses employing on-line preconcentration, such as large-volume sample stacking [23] [24] [25] [26] [27] and isotachophoretic focusing, 28, 29 and sweeping via dynamic complexation, 30 were demonstrated in the capillary zone electrophoresis (CZE) mode.
Sweeping is known to be an attractive approach for enhancing the concentration sensitivity in MEKC. 31, 32 Sweeping is defined as the picking and accumulating of analytes by the micelle that penetrates the sample zone. The sample is prepared in a matrix with similar electric conductivity to that of the BGE but without micelles and is introduced to the capillary as a longer plug than that of the conventional injection. Upon the application of a voltage, analyte-micelle interaction is initiated, and the magnitude of this interaction largely determines the extent of focusing. More than 5000-fold increases in the detector response in terms of the peak height were achieved by the sweeping of some organic compounds under suppressed electroosmotic flow (EOF) or acidic conditions. 31, 33 Furthermore, sweeping MEKC with cationic micelles under strong EOF conditions was also performed, and up to a 1000-fold sensitivity enhancement was obtained. 34 The length of the sample injection plug (linj) is predicted to be narrowed, depending on the retention factor (k) to give the length of the swept zone (lsweep) as follows: 31
This implies that the more strongly retained is an analyte, the shorter will its band width be, and the more efficiently it can be focused. Takagi et al. have examined sweeping-MEKC of anionic metal complexes with an anionic SDS micelle, but satisfactory results were not obtained. 22 To the best our knowledge, however, sweeping with a cationic surfactant has never been applied to the analysis of metal complexes in MEKC.
The present work, we have investigated the separation and
sensitivity enhancements of metal ions using precapillary complexation and sweeping in MEKC under high EOF conditions. Cyclohexane-1,2-diaminetetraacetic acid (CDTA), which forms strong 1:1 complexes with many metal ions having negative charge, was employed as a chelating agent, and cetyltrimethylammonium chloride (CTAC) was used to form the cationic micelle. To achieve our objective, the following aspects were investigated: (1) the optimum separation conditions using MEKC, (2) the optimum conditions sweeping-MEKC, and (3) 
Experimental
Apparatus CE experiments were performed with an Agilent 3D CE system (Agilent Technologies, Waldbronn, Germany). Separation and focusing were carried out with a fused-silica capillary, 55 cm (effective, 46.5 cm) × 50 µm i.d. (Polymicro Technologies, Phoenix, AZ). The detection wavelength was set at 200 nm and the capillary was thermostated at 25˚C. Samples were introduced by pressure (50 mbar, 1 mbar = 100 Pa.) injection. The separation voltage was set at -15 kV. Deionized water was prepared with a Milli-Q system (Millipore, Bedford, MA, USA). The pH values of solutions were measured and adjusted with the aid of a Beckman Φ34 pH meter (Fullerton, CA, USA). The conductivities of the sample and separation solutions were measured using a Horiba ES-12 conductivity meter (Kyoto, Japan).
Reagents and solutions
Standard solutions of metal ions (1000 mg/l, nitrate), CTAC and sodium monohydrogenphosphate were purchased from Wako (Osaka, Japan). CDTA was purchased from Dojindo (Kumamoto, Japan), and used as a 100 mM stock solution in 20 mM sodium hydroxide. Background solutions (BGSs) were prepared from stock solutions of phosphate and CTAC, and their pH values were adjusted after the addition of CTAC. Buffer solutions were filtered through a 0.45-µm membrane filter (Nacalai Tesque, Kyoto, Japan) and degassed before use. All of the reagents were of analytical reagent grade and used without further purification.
Sufficient CDTA was added to stock solutions of metal ions to give a 2-fold molar excess in the final sample to prepare metal complexes prior to conventional MEKC or sweeping MEKC analysis. To prepare the sample solution for sweeping-MEKC analysis, a stock solution of metal-CDTA complexes was diluted with sample matrices that had the same conductivity as the micellar BGS, but devoid of CTAC. To prepare the sample matrix, phosphate buffer was titrated with water or 0.2 M phosphate buffer until its conductivity was approximately equal to that of the micellar BGS.
General electrophoresis procedure
The new capillary was conditioned prior to use by rinsing with 1 M NaOH (20 min), followed by 0.1 M NaOH (5 min), methanol (5 min), purified water (10 min), and finally BGS (5 min), at ∼1 bar. To ensure reproducibility between consecutive analyses, the capillary was rinsed with 0.1 M NaOH (4 min), followed by methanol (3 min), purified water (5 min), and then BGS (5 min). Other conditions are mentioned in the relevant figure captions or the text.
In order to approximate the injected plug length of a sample solution, the velocity of the liquid under pressurized injection condition was determined by measuring the migration time of metal complex which was brought to the detector at 50 mbar. The velocity obtained was 0.68 mm/s, and the lengths of the zones were calculated by multiplying this value by the injection time in seconds.
Results and Discussion

MEKC separation of anionic metal-CDTA complexes
The MEKC separation of metal complexes mainly depends on their differential chromatographic partitioning into the micelles. A detailed discussion of the migration behavior of metal complexes can be found in references. 9, 35, 36 Some MEKC separations of negatively charged metal complexes have been demonstrated with an anionic sodium dodecyl sulfate (SDS) micelle. We first attempted the separation of five negatively charged metal-CDTA complexes using SDS, but did not obtain good separations.
This could be attributed to minimal partitioning of the complexes to the micelles due to their hydrophobicity, and electrostatic repulsion between the similar charged micelles and complexes. 21 The effect of ion-pair formation between the anionic complexes and cationic reagents, such as ammonium ion and tetraalkylammonium salts, was also investigated.
Stronger ion-pairing cations decrease the electrostatic repulsion due to negative charge of the analytes, and ion-paired analytes are partitioned into the micelle to a greater extent than the free anionic analytes. 15, 35, 37, 38 However, the resolution of metal-CDTA complexes was not significantly affected (data not shown).
On the other hand, the cationic micelles can incorporate anionic analytes more strongly and different separation selectivity can be obtained. 33, 34, 39 Furthermore, the use of cationic micelle to obtain a high concentration efficiency for anionic species by sweeping has been demonstrated. 30, 31 Therefore, we examined the use of CTAC to improve the separation selectivity. The addition of cationic surfactants to the running buffer caused reversal of EOF owing to a positively charged capillary wall by the adsorption of cationic surfactants. The reversed EOF is directed toward the positive electrode, whereas the micelle has electrophoretic mobility in the opposite direction. The analytes are brought to the detector by the EOF since the EOF is stronger than the electrophoretic migration of the micelle. In initial experiments, we attempted optimization of the separation selectivity using a phosphate buffer containing 50 mM CTAC. The pH value is a crucial parameter in CE, as it not only influences the EOF, but also the stability of complexes. Furthermore, increasing the electrolyte concentration in BGS decreases the EOF, leading to an increase in the migration time of the complexes. Considering these effects, pH 9.0 and 20 mM phosphate were chosen as the optimum conditions for the separation for the test metal-CDTA complexes mixture (Fig. 1) . As shown in Fig. 1 , complete separation of five metal-CDTA complexes was achieved within 10 min, showing that MEKC with cationic micelle can be used for the analysis of anionic metal complexes. The migration order of these metal-CDTA complexes under these conditions differed from that in the case of CZE with pre-capillary complexation with CDTA obtained in a preliminary experiment (data not shown). This result indicates that partitioning of the metal-CDTA complexes into the CTAC micelle affects the selectivity, and allows improved resolution of anionic metal-CDTA complexes.
Sweeping of anionc metal-CDTA complexes with a cationic micelle
In order to increase the detection sensitivity, sweeping was 44 ANALYTICAL SCIENCES JANUARY 2005, VOL. 21
investigated. Sweeping with a cationic micelle is a useful technique for the on-line preconcentration of anionic analytes. 33, 34 The principle of sweeping with a cationic surfactant is the same as that with an anionic surfactant, except for the electrode polarity. A model of sweeping MEKC in the presence of high reversed EOF is illustrated in Fig. 2 . The capillary is filled with micellar BGS. The sample solution, which is prepared in a matrix that has an electric conductivity similar to that of micellar BGS, but devoid of the CTAC micelle, is injected into the capillary to obtain a plug length much longer than the usual injection ( Fig. 2A) . Micellar BGS is found at both ends of the capillary. Upon the application of a negative voltage, CTAC that has mobility toward the cathode will enter the sample zone from the anodic side and sweep the metal-CDTA complexes (Fig. 2B) . Note that the magnitude of the mobility of the cationic CTAC is smaller than that of EOF, and CTAC and analytes migrate toward the anode. After the injected metal-CDTA complexes are completely swept (Fig.  2C) , metal-CDTA complexes are separated by conventional MEKC.
When sweeping was applied to metal-CDTA complexes under the conditions given in Fig. 1 , all of the complexes were well concentrated.
However, the peaks of Mn-, Zn-CDTA complexes and CDTA partially overlapped. The loss of separation efficiency is due to the decrease in the effective separation length of the capillary owing to an increase in the injected sample zone length, the sample zone having passed the detector before complete separation could be achieved. To effect complete baseline separation of the metal complexes and CDTA, the addition of methanol to the BGS was examined. Good separation was obtained with 5% methanol. When the concentration of methanol was more than 5%, the peaks were broadened with increasing migration time. Therefore, 5% methanol was added to the BGS in a subsequent examination.
The effects of the CTAC concentration on sweeping-MEKC were also examined. The peak heights were increased and the peak shapes were improved by increasing the CTAC concentration up to 100 mM.
However, when higher concentrations of CTAC (125 mM) were used, the resolution decreased and the baseline noise increased (data not shown). Hence, 100 mM CTAC was considered to be optimum. Figure 3 shows the effect of sample injection on the peak heights and the migration time in sweeping-MEKC. As shown in Fig. 3A , the peak height increased with an increase in the injection time up to 75 or 100 s. Beyond these (125 s), however, the peak heights leveled off, and the peaks of Mn-, Zn-CDTA and CDTA overlapped again (Fig. 3B) . Therefore, the 75 s injection (51 mm) was deemed to be most acceptable in terms of the peak shapes and the resolution. These results suggested that the injection length of the sample zone was limited by the strong EOF. Figure 4 shows the sweeping MEKC separation of five metal-CDTA complexes under the optimized conditions. Note that the concentrations of complexes in Fig. 4 are 125-fold dilutions of those in Fig. 1 . In comparison with the peak heights obtained in Fig. 1 , up to 42-fold improvements in the peak heights were achieved by sweeping without any loss in the resolution. The ratio of the peak area between the metal-CDTA complexes and CDTA is different in Figs. 1 and 4 . The difference may be attributed to two reasons. First, the metal-CDTA complexes decompose during migration. Second, free CDTA is swept more efficiently compared to that of the metal-CDTA complexes. In general, the analyte, which is partitioned to the micelle better, is concentrated more effectively. The anionic tetravalent CDTA has a stronger interaction to a cationic CTAC micelle than the anionic divalent metal-CDTA complexes.
The calibration lines, limits of detection (LODs), relative standard deviations (RSDs), theoretical plate numbers and sensitivity enhancement factors (SEFs) in terms of the peak 45 ANALYTICAL SCIENCES JANUARY 2005, VOL. 21 heights obtained for metal-CDTA complexes in sweeping MEKC using cationic micelle are summarized in Table 1 . Fresh sample solutions were always used for each injection. The linearity of the present sweeping MEKC technique was checked for the peak height against the concentration. Calibration lines with good linearity were obtained. Acceptable reproducibility was achieved, as the RSD values for the migration time, the peak height and the corrected peak area obtained with four consecutive runs were less than 5.1%. LODs (S/N = 3) were in the range of 38 -119 ppb. The plate numbers of the peaks were in the range from 300000 to 640000 and good separation was obtained with long injections (75 s). SEFs were calculated by simply getting the ratio of the peak heights obtained from sweeping MEKC and conventional MEKC with precapillary complexation and the quotient multiplied by the dilution factor. From 15-to 42-fold enhancements in detector sensitivity were obtained by the sweeping of five metal-CDTA complexes with a cationic surfactant in the presence of high EOF.
Conclusion
In the present study, we showed that cationic surfactants are useful as pseudostationary phases for both the separation and on-line sample preconcentration in MEKC analysis of anionic metal complexes in the presence of high EOF. The separation of metal complexes is based on both electrophoretic and chromatographic effects, and high plate numbers were obtained. Compared to the conventional MEKC using precapillary complexation with normal injection, sweeping can provide an improvement in the detection sensitivity; up to 42-fold enhancements were achieved without any off-line preconcentration step.
Therefore, the application of a combination of precapillary complexation and sweeping with cationic surfactants for metal analysis is promising. Furthermore, the principle of this technique can be applied to other metal ions after optimization of the analytical conditions.
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ANALYTICAL SCIENCES JANUARY 2005, VOL. 21 Fig. 4 . b. Working range: 0.1 -2.5 ppm. c. Equation of calibration line: peak height (mAU) = slope × concentration (ppm) + y-intercept. d. Corrected peak area = peak area/migration time. e. SEFheight = (peak height obtained by sweeping MEKC/peak height obtained by conventional MEKC with precapillary complexation) × dilution ratio.
